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FOREWORD

/
This report surnmarizes the results of the first year of 2 program
of research aimed a¢ the development of & computer program to aid the
investigation of kigheay secldents. The specific objectives ave (i) to

develop mathematical {ormelations and a computer program for proceseing

and evaluating data trensmitted from the accident scona in kighway crash
invesiigations and {2} to evaluzta the accuracy achieved in reconstructions
prodaced: by the computer program by means of trial applications to staged
colllsions. ' ‘

The réport résesrch wae psriormed vader Contract Ne. FH-11-
7526 with The Research Institute of the National Highway Traflic Safety
Administration, U. S. Department of Transportation. The epinions,
findings and conclunions axpressed in this report are thoss of the suthor
and wot nocessarily thoee of the National Highway Traffic Safety Admin-
istration. '

This report hae besn reviewsd and is approved by:

Edwin A. Kidd, Head
Transportation Resesrch Department
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A cdmputer program and an 48 eccinted optical menpurement / .
‘system sre descrived which have basn dereieped o ald the investigation of
highway accidents, The describsd developments constituls the major S,

components of a system which will pmvié@ & eapabllity of processing and
evaluating date, via radis contact with the cperator of 3 time-charing
compuler terminal, while the investigators are at the acciddnut scans.

Recenstructions nroduced by the compulsr program are compared
wnth the results of staged collisions in the Eif'emmre. The instremaented
optical system is described tn dotail and msm&t@ ef trial applications are

discusssd.

h Hzns for completion and avaluation of the sverall sysiem, which
could not be implemented within the {irest yoar of effort, are presented

1

and Glacussed.
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1.1 Background

. The raportiﬁg of automobile accidents, which serves a
number of purposes (i.e., law enforcement, litigation and rozearch), varies
widely in detaxl and accuracy., Minor accidents are {requently reported
without any mvest:.gahoﬁ being perfermed In capeg whers serious injuries
andlor substantial propérty damag® cceur, an mvestiga&mﬁ including
measurements and scene photographs may be performed. i&lﬁo, in recent
years, & number of accident research teams have generated detailed

reports on inveetigations of selected accidents {e.g., References 1, Z and

Bt

In the cagse of detailed mveatzgatians, the manner of
treatment c—f the physacai evidence, in mlatmn to gpeed vetimates or com-
pléte accident reconstructions, is made nonuniform by the naceamty both
for selection of apiprcpriate aseumptions and approximations and for appli-
cations of judgement. The existing calcunlation technigues are generally

Iimited to manual or slide rule procedures, and they involve the use of

__many simplifying assumptions. The time required for the manual calcu-
_ lations precludes complete reconstruction at the accident scene, while.
_the physical evidence is intact and readily available, Rathesr, in cases

where reconstruction calculations are nlanned, the investigators must
atternpt to recognize and measure all critical items of information prior
to leazving the scene, Thus, the quality and the completeness of data taken
at the scenes of accidents and the application of such data in the generally

iterative and simplistic reconstruction calculations each tend to vary with

the expértize and peésistence of the individual invest{gatorﬂ. I "

1 T-2979-V.1
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1f znalytical reconstruction procudurés could be
unifermly applied to large numbers of acteal highway pecidents, they could

provide a logical basis for refining the categorization of sccupant expopures
in studies of crash injuries. They could also provide valuable information
on the roles of vehicle andfor highway defects and of driver judgement in
accident causation. .

With refined categorizetion of vccupant exposures,
actual highway accidents are seen as being potentizily the best available

source of improved information on the injury threshelds of humans in the

autormobile-crash type of exposure {l.e., partial or no restraint, including
impact on the vehicle interior} and of measures of the effectivenzss of
protective devices. This Aviéwpu'mt is baged on the facts that experimental
research with voluatsers must be run gnbstantially below injury thresholds,
and that the interpretation of regulis obtainad with cadavers and animals,

in termes of correspoending reaults {or living humang,l is not a'étraight-
forward and validated procedure. Thus, there is no direct means of gen-
erating improved tolérance data for this type of exposure, and the develop-
ment of irnproved protective devices for use in autemobiles is hampared

! by the limited extent of applicable human tolerance information. \-

“ The primary items of data used in accident recengtruction
are tracks, skid marks, damage to vehicles and obstacles, debris, terrain
properties (i.e., friction coefficients, slopes, obstacles, etc.) and testi-
mony of witnesses and drivers. The physizal laws are applied in successive
attempts to fit the total body of evidence. Since a perfect fit generally can~
not be achisved, itis mcemsaéy to select the more significant and reliabie
items of eviagncs,

Because improved training of investigators and the use
! of more detailed reporting forrnats are gien ag means of achieving only
limited iinnrovements in the quality and completeness of accident data for

use in reconstructions, the presently reported research program has been

z VI-2979-V-1
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simed at the dsvelopment of an on-gcens investigation aid with which 2
gén&r&% epgrading might be achieved.

i.2 Overall Cuncept of This Research

A prograrm of research perforred by the Cornell Aero-

‘nautical Laboratory, Inc. (CAL) dyring the period 1966-1971 (Reference 4},

 under support of the Federal Highway Administration, arovided convincing

evidence of the fea%ibility of achieving accurate reconstructions of the
dynamics of violent maneuvers and collizions of automobiles through the

uge of a computer program. This development, corabined with an awareness
of the problems involved in achieving uniformity in the detzil and accuracy '
of accident data, led to the concept of processing and evaluating such data

while the investigators are at the sene, via radio contact with & recon-

"struction computér program.

While the specific computer programs descriteéd in
Refsrence 4 may ultimately be applied for this purpoas, the pro-sntly
reported research program has made use of relatively simpilified apalytical
representations to achieve compatibility with available timae-gharing com-
puter facilities and to simplify the requirements for input data, However,
the selected analytical representations, which take advantage of thr vse of
computer solutions, include significunt improvernents in accuracy over

those generally applied in manuval calculationa.

The computer program of reconstruction calculations

that has been developed will process data transmitted irom the accident

"scene to an operator of a time-sharing digital computer terminal. Both 2

voczl channel and 2 data channel will be gsed in the communications link,
so that numerical data can be transmitted directly to a panci-tape recorder
adlacent to the computer terminal. Subsequent to the transmission of
dimensional and damage data. from the scene and initial processing by the

computer program, a conversational mode of program operation will

v

3 | . VI-2979-V-1
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request specific iteme of information (6.g., repeats 3f mezsurements,
additicnal measurements, evidence to support introduction of darnege effects
or control inputs, etc.) as repeated attempts ave made to reconcile any
inconsistencies that might exist among the various meaguréments and in

the testimony of witnesses and/or drivers. A guide book, containing photo-
graphs of répresentative typds of accidents and evidence and sketcheg
filustrating measureinent techniques, iz planned for use by the investigators
to simpiify the task of description, to previde clarity in instructions and to
permit the use of muitiple choice answers, To evaluate the sccuracy
achieved in reconstructions and the convenience of applications, trial appli-

cations to staged collisions are aleo planned,

The reporting format for accidents processzad through &
computer program can be quite comprehengive. In the {inal form of the
pregently reported computer program, it is plannzd to include a computer-
graphics display of the scens with superimposed seguential displays of the
recongiructed eveant. A tavulation of all items of physical evidence upon
which the reconstruction is basad can readily be inclunded. jtems of testi-~
mony, or indirect evidance, that are rejected can be linted with statements
regarding the basis for rejection. An error analyeis cin sleo be performed,
g0 that & summary of probable error ranges in the reconstruction can be

included.

A summary stateraent can be produced regarding contri-
buting factors and the principal cause of the accident. 1If desired, u summary
of indicated violations can alsc be provided on the hasis of applicable traffic

laws.

For purposes of injury and human tolerance studies, a
display of the reconstructed acceleration snvironmant can also be generated.
When medical reports are available, injury information can b2 sdded for

correlation with the defined exposures.

4 VI-2979=V-1
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' 1¢ should b2 noted that the presently reported tirst year
affort has been aimed at achievement of a fully operational systom, including
the reconstruction computsy prograwn and the speociated measurement and
communications systems, so that trial applications could be per{ermed on
staged collisions, While encouraging results have been achieved with both
the computer program and an optical meagurement system, it has not been
possible, withir the time and funding constraints of this first-year effort,
to achieve a fully operational systemn. The developmental difficuities that
were encountered and the current status of the research project are dise

cussed in Section 3.0,

1.3 Organization of Thig Report

Concluaions and recommendations based on results of
the first year eiforts of this researchare presented in Section 2. 0. The

resulte of the research are summarized in Section 3.0,

In Section 4.0, the computer prograra, in it present”

form, is described in detail. References are listed in Section 5.0,
in Section 6.0, detailed equations and logic for the

computer program, including sperational extensions that could not be

implemented within the first year, are preseunted.

5 : YI-2979-V-1
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i 2.0 COMCLUSIONS AND RECOMMENDATIONS
SR 2.1 Conclugions
* 2.4 1 The {irst year of this exploratory research program
: has produced encourzging results that support the feasibility of immadiate .

processing and ovaluztion of datn transmitted from the accident scene

during an isvestigation.

The degree of success achieved in comparisons of
analytical predictions with data {rom etaged colliisions
(Section 3.3) provides convincing aridence of the validity
and generality of the developed computer program.

Algo, the systern developed for measurement and coeding
of scene dimeénzions is considered to constitute a signif-
icant advance toward the goal of data transmission for
rémote processiag.

The relatively ambitious analytical approach (Section -
3.2} includas approximations of the effects of vehicle
deformations and the corresponding extent of damage.
The locations and magnitudes of permanent deformations
are included as part of the program ouiput information,

; both in tabular form and in the formof a Vehicle Defor-
! maticn Index (based on SAE J224a}). This unigque
analytical feature, after extensive developmental prob-
jems, has begn demonstrated to be quite pucceasiul
{Section 3.3). Such damage information permits valuable
additional correlation with the physical evidence and,
thus, it is considered to conetitute a significant advance
in the state of the art of accident reconstruction.

' i It is unfortunate that development of the "collision"

: ; routine {Sectivn 6. 1) greatly exceeded original astimates

; ' for time and effort. However, it is genexally recognized

that the extent of the "debugging" phase of the develop-

f ment of computer programas is highly variable and it ie,

: ! therefore, difficult to estimate accurately. The unantic-

' ipated development problems delayed progress to the -
extent that it was necessary to reduce the scope of the .
first year effort. It is hoped that the unavoidable slip in
schedule, and the corresponding underestimate of effort,

7 will not jeapordize future support for this ressarch effort,

which is considersd to potentially constitute a means of
: achieving & major advance in the quality of accident data.

6 VI-2979-V-1-



2.1.2 The selacted analyticsl approach {Section 3.2} is quite

adequate for the purposes of the present research prograim.

The detailed correlation that has baen achieved batween
analytical predictions and the resuils of staged ceotlisions
* “ ip the literature {Ssction 3.3) actusily excesds expicia-
tione, in view of the many simplifications. The specific
comparisons that are presepisd were lmited, bath by
the availability of adequately definsd experimants and by
the reiatively recent schievemant of an operational
teombined! program {i.e., collieion and trajectory cal-
culatione anplizd within a single computer routine, as
discussed in Sections 3.2 and 6.4}, to & total of six 30°
intersection-type collisions on flat, horizontal terrain.
However, the excellett correiation achieved in each of
those cases, veing identical vahicle parameters, indicates
that all significant aspects of the coliivions and Ygpin-out"
trajectories are adeguately ropresentad. The compre-
henpive cutput information {kinewmatics, vehicle damags,
tire tracks and acceleration components} will permit both
extensive, detailed comparigens with physical evidence
: and a relatively refined categorization of accupant
: exposures. The generality included in ¢the program tnputs
{ will permit the inclusion of etfecte of control loputs,
vehicle damage and terrain zones with differcnt friction
propertiés {¢.g., pavement and rondside surfecan), as
well as variation of the effective tire-terrain friction
coefficient with speed.

0 T

2.1.3 The prototype optical measurement system that was

devised within this research program merits considerction for further
develonment and adoption ag an investigation aid for general use, as well

ae for use in an on-scene reconstruction system,

§ The capabilities of the protoiype measuremsant system
{Section 3.4) for speed, accuricy and reduced inter-
ference with octher activities at the accident scene would
be generally advantageéous, whether or not an on-scene
reconstruction system is in use. While the prototype
equipment is somewhat cumbersoms and relatively
expensive, it is considered to be quite feasible to devealop
a compact, econornical package with equal performance.
Paper tapes of dimensional data gathered at the scene

1 VJ-2979-V-1
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could be processed later on & time-sharing compuatsr
terrainal, and computer-graphics displaya of the ecene
faeagurermente could ales be gonsrated for use in the
accident repork. .

2.1.4 The conventional assumptions that the effects of '

vehicle deformations and of tire forces can be neglected in apalytical

reconstructions of collisions can lsad to significant errore.

This is perticularly true for intersection-type collisione
at low to mederate vehicle speeds, in which prolonged

or multiple contacts and signiticant movemsnts of the
inveived vehicles oceur. Such ervors tend to be ebgcured
by the general nature of “sample” impulse-momentum
type calculations, in which the specific assumpticns are
frequently adjusied to achieve agreemant with known test
regults (e, g., relative vehicle posilions at contact,
offective “point't of force application, vehicle dirmansions
and properties, etc.}. In 2 calculation procedure for
gonsral applications, it is essential that the cited sifects
be incinded in the colligion contact phase of the récon-
struction.

2.2 Recommendations

g.2.1 Development of the system for on-site reconstruction

should be continued through the planned evaluation phase in which direct

applications will be made to staged celligions.

A realistic evaluation of the validity and accuracy of any
procedure for accident reconstructios should incivde
applications to staged collisions for which the initial
conditions are kept unknown until the recongtruction ia
completed. While guch an evaluition was planned for
inclugion within this first-year effort, its performance
wae precluded by developmental problems and a resulting
elip in schedule.

8 VI-2979-V=1
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2.2.2 Subseguent ko succeesful trial applications to staged :
colligions, the overzll concent of utilizing & cigital comput@r program
. to process data transmitted from the accldent poens 2nd to thereby

provide reconstructions of the event should be ficld rasted, at actual
accidents. Datz should be trangmiiied from the scene to a remote
terminal znd the reconsiruction calculations performed on a timé-sharing
bagis. Trained invegﬁgators should be utilized for at-scene purposes,

Based uporn this fieid experience, the computer program should be

| modified and sxpanded 28 required. A finzl program should be prepared,
: oriented towara practical field application, and utilizing statz police

investigators f{or at-scene purpeses. 3

In the first year of this research program, every effort
has been applied toward making the {avestigation aid
both practical and convenient to use. However, the
degree of success cannot he fully evelvated prior to the
performance of fleld triala, at staged collisions and
subgequently at actual bighway sccidents.

The continuing performance, under separate support, of
on-gcene accident investigationn {e.g., CAL research L
program supported by NHTSA Contract FH-11-7098, /
AM. Contras: $903-0«-129) will tend to make such field 7
trials reasonably convenient and economical if the field
trials can be "piggybacked' nn the ongoing investigations,

2.2.3 Effort should be applird toward an expansion of the
data pracessging capabilities of the developed computer program to

inclaode indirect supporting evidence.

¢ Thig recommendation constitutes a logical extension of

the overall concept. The firet year effort has concentrated
/ onitems of direct phyeical evideénce, as reguired to

analytically reconstruct the coilision sequence, The

intention of the present recommendation is fo expand the

data processing capabilities to include indirect supporting

evidence (2.g., informatisn about the driver, the existence

9 VIi-2979-V-1
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;. and tming of traffic control signels, stesring columa

deformation, etc.). Such an expansion of the investi-
gation procedure should maoke ase of the experiences
of membere of existing interdisciplinary aecidant
investigation tzame. In thie way, the developed program
couid be expanded (o provide the ~apability of addrensing
a1l phases of the collision seqguence {pre-, at-, and
pegt-crash} and all agpects of the man«machins-environ-
mental complex as th @y may be described by an investigator
) and as they serve fo inflluence the cauvsels} of the accident
< i -or resultant injury and the exitent of losses incurrad.

2.2.4 A continuing analytica! effort should be applisd to
introduce refinsments 2ad extensions, as found necessary in field trials,
;“'to improve the accuracy and convenience of application of the investigation
faid. For example, it may be found necessary to deveiop special subroutines

“to treat specific obstacle types and terrain features,

Subgeguent to achigverment of an operational two-
dimensional systein, consideration should be given
to 2 long term, pi&ra.llel development of & three-
dimensional version for uze by tramed mvagugatcrs
at accidents of special interest.

2.2.5 An economical, production version of the optical

measurement system described in Section 3.4 should be developed for

general applicaiion, as vell as for use within an on-ecene reconstruction

system.

A set of performance specifications should be developed
. “and bids scught for the design and fabrication of such a
" systermn. Consideration should be given to the inclusion
of an automatic leveling system in the traneit and a
: portable paner-tape recorder for those applications in
‘ which data will be processed after completion of the
investigation.

10 VI-2979-V=1
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3.0 DISCUSSION OF RESULTS

3.1 Literature Saarch nad Raview

3.1.1 Analytical Approach

i ‘

_ A review of literature on the topic of automekile collision
analyeis, that included Referencee 5 through 12, was performed ns the first
tagk in this research program. [t was found that, with the exception of
Reference 12, the analytical relationships were derivad for applicatign in
n‘;ﬁaml caleulation procedured. In all cases, extensive sirnplifications

g}ere employed.

3
-

, ’ Prediction of the nature and extent of damage ie not
included, except for the case of full-width irontal or reax contacts {e. g,
Refsrence 9). Elso, no tests of the validity »f recenstyuctions were {ound
in which analytical results, based purely on physical evidence from staged
collisions, were compared with measured test conditions that were kept

unknown during the reconstruction process. Thus, physical evidencea in

the form of vehicle darnage is not fully utilized in ruconstructions and the

accuracy of existing calculation procedures has not beén egtablished in a

rigorovs manner.

It was concluded that the purposes of the present research
program would be best served by the development of extensions and réf’mm
ments in existing calculation procedures to include approxzimations of the
nature and extent of damage incurred by the individual vehicles and to
generally increage the predicition accuracy by taking advantage of the planned
use of computer solutions. A rigorous investigation of the validity of the
developed calculation pi-.ccedure chould then be performed.
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trajectory {(¢.g., tire marks} and the appreximate location of the collision

. The general approach of Marquard (Reference 7) was
adopted, whereby an iterative procedure is firet applied to the poet-collision,
or "apin-.amt", phase of the event to approximale the linsar and angular
velocities ai the end of the cellision contact. In this appresch, the position .

and crientation &t rest of each vehicle, physical evidence deﬁning the

are applied in succeéssive attempts to define compatible velocity components

-~ for the start of the spin-out. Marquard (Reference 7) treats this aspeci of

the reconstruction with a gimplified two-wheel;, or "bicycle, approximation

of the venicle and uses either all locked or all freely rotating wheels., In

the preseént analytical development, the vehicle representation has been
extended to include effects of the vehicle tread dimension on yaw résponses

and a capability for locking individual wheels and/or steering the individual
front wheels and the rear axle (i.e., effects of control inputs and/or damage}. -
Variation of the effective tire-ground friction coefficient with speed and a2
linear boundary between two different nominal friction coefficients {e.g.,
between pavernent and roadside) have also been incorporated to moderately

extend the generality and accuracy of analytical predictions of trajectoriea.

When an acceptable mateh of the post-collision {rajectory
and of the position and orientation at rest of each vehicle haa been achieved,
Marguard {Reference 7) applies an iterative procedure to the collision phase
to approximate the velocities, positions and orientations at initial contact
corresponuing to the required velocity components at separation. In the
preésent case. an apnroximaie analvtical treatment of vehicle damage has

been developed and added to the procedure to permit additional correlation

~- with the physical evidence. Thus, collision conditions are sought that will -

produce a best match of both the post-colligsion trajectories and the damage
to the individual vehicles., o .

¥
- The detailed analytical approach developed within the

present regearch program is presented in Section 3.3,

¥ VI-297%-V-1
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3.1.8 Measurement Techaioues {

The Hiersture revisw raveaied significant weaknenses
in existing measuremaent techaigues, specifically with regard fo the speed
and accuracy with which the data can be collected and to the adaptability to
a formaet for efficient data transmispion. This aspact of the investigation
procedure is of critical importance to the proeent research, eince it deter-
rminge the extent and the quality of dimensiconal information that can be
made available for remote reconstruction calculations. Because of the
transitory nature of phyeical evidence and the frequently chaotic activity
at an accident aéene. it is eseont el to have a rapid, efficient and non-
intrusive wamim for gathering dimensional information regarding the
positions and';riantations at rest of involved vehicles and any other physical
evidence i:ha_,é may be useful in the reconstruction procédure. The important
need for an,,"fimproved measuremant sysiem led to an early concentration
of affort olvé this topic.

There are two widely used methods for locsating evidence
at the accldent zcene. " Triangulation requires that each object be located
by two distances, one from each of two known reference points. The other
measurement system makes use of a selacted base line and fixed origin,
and it involves the measurement of rectilinsar coordinatas of pniﬁts of ;
interest with respect to the base line. The distances are usualiy obtained
with steel racasuring tapes or distance wheels. One of the majur ob:jections
to the described procedures is the necessity for {requeatly crossing the

rosdway and either interfering with or beisg obstructed by local traffic.

The triangulation procedure can preduce ambiguities in
the form of mirror images of the points of intereat unless a third reference
point is included, thus compounding the measurement task. In the rectilinear
coordinate technique, the dirsctional accuracy of 'perpendicular’ measure-
ments is 2 source of errors. A mutual shortcoming of the two measurement :

syateme i the effect of topographical izwgzﬂ&ritias‘which makes it difficalt

to determine precise dietances.

i3 VI-2979-V-1
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1t should aleo be noted that eaéi&of the cit:éd TNERBUFD ~
ment tzchhioues is time consuming and that the data formats are not readily

adapizbie to sfficlent transmission for remete processing.

Becauae of the numeroue digadvantages of the described
methods of lacating points of interest at an ac‘ci&%m gcene for the purposes
of the present research program, it was concluded thag alternate methods
should be explored. The investigation of measurement technigues and the
selected optical system, which makes use of an instrumented builder's
traneit, are discugssd in detail in Section 3. 4. |

3.2 Selected Analytical Approach

in keeping with general practice in automobile collision
analyses, the initially selected approach consisted of separate treatments
of the ccllision and trajectory phases of the event. This division of the
analytical task is based on the assumption that the effects of tire forces are
negligibie during the existence of collision forces. While this assumption
appears to be a reasonably one, its application was found to produce sigifi-
cant errors in the case of moderate speed intersection type collisions in
which multiple contacts frequently occur (e.g., front-side followed by

side~side andfor rear-side contact}.

_ - . If secondary contacts are neglected, major errors can
he produced in predictions of Mepin-nnt! trajectnries, On the other hand,
if the tire forces are neglected throughout the time during which the

collision centacts occur, significant errors can be introduced in the lateral

" motions of the vehicles between impacts, Thus, it was concluded late in

this research program that the collision and tire forces must be treated
gimultaneously. The two computer routines that had been developed

separately for collision and trajectory calculations were, therefore,

combined in a gingle prograrm.

14 VI-2979-V-1
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Ir “ae following, the two aupicts of recomstrucilen
ealcalations {i.e., collision aad trajectory} 278 first dlacussed separately.
The method of combinstion of the correwvpouding, sépsvately dpvelaped
routings ig then deseribsd. | '

3.2.1 Analytical Treatmeat of Car-to-Car Cellisions

Within the rosezrch program described in Refersvca &,
it was found t.at crush properties of the pevipheral structures of auto~
mobiles could be approximated with resscaable accuracy by means of the
aggumption of a layer of igeeropié, homogeneous material that exhibits
elastic-plactic behavior. Comparigons of deformaticns and decelarations
" measured ia pole impacts {Reference i4) with those thae occur in full

frontal contacts {¢.g., Ref.rence ¢} indicate general agreement in the
‘required preperties for such av spoumed psripheral layer.

In collision ~alculatione, the specific crush propertics
that ave asgumed do not, -f course, affect the conservation of momantum.
By producing a fin.ce time dusation for the anplication of forces, they do
permit relative motions of the o lliding bodies to ccour during the recon~
structed collizion. The time-varying values for the magnitudes, p@sitiana
and orientations of collisior forces that are obtained with reﬁlafﬁvelgr gross
approximations of crush properties tend to yield resuits more realietic
than those of simple impulse-mormantum calculations in which the effects
of crush are neglected, ’

In the present case, it was also considured to be highly
desirable to devise a meauns of analytical peneration of damage patterns for
comparison with corregponding measurements at the seene, Thereicre,

a sirong case was seen for inclusion of an approximate treatment of crush

properties in the present reconstruction program.

L& VI-2979-V-1




3.2.1.1 Genersl Approach

. The original {undefarmed} | sundariee of the vehicles
are defined in the form of rectangles. Discrete polnts defining the body
outlines in contacted regions are generated and displaced duzing the impact
calculations., These points serve to define the deformed bounderies. The
distance betwaen a displaced point and the initizl boundary of the deflected
ﬂu?faé& is uzad to detsrmine the dynarmic pressurs at that point during

any: time increment in which the point is displaced. An iterative procedure
is used to achieve equal pressures from the two mutually deformed bodiee.

Since a constraint of some kind is reguired on the
directions of deflection of the individual points, to facilitate the determina-

tion of contact in previcusly damaged regions, the pointe are cunstrained

PN

to move radially toward the coordinate origing of the tw.. deformabla bodies

{Figure 1).

The effects of partial recovery of deformed peripasral
st. gucture are approximated by means of 2 coefficient of restitution that

varies as a function of the magnitude of the deflection (Sections 6.1, 6.5}
3.2.1.2 Specific Analytiral Aegumptions

(1) ihe vehicles are treated a= rigid bodiea surrounded
by a layer o: isotropic, homogeneous matirizi tnat exhibits elastic-plastic
behavior.

(2} The dynamic pressure in he peripheral layer
increases lincurly with the depth of penetration relative to the initial

boundary of the aeflected surface.

{3} T.ae adjustable, nonlinear coefficient of restitution
varies a5 a function of masimum defleciion.

16 VI-2979-V-1
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{4} Tire forces are neglected during the impact,

s - #o
1 (5} Plane miotion is assumed. The effects ¢f pitch and

roll are neglected. . '

The calculation procedure by which the above

assumptions are implemented is outlined in Section 6. 1. A post-processing

e 2

routine for interpretation of damage predictions in terms of a standard

based on SAE J224a is presented in Section 6.2,
X %

;
' s collision deformation classification, or tyehicle damage index' (VDI),
f

Approximation of Trajectories Preceding and
Following Collisiors

L
s
]
.
(%)

Existing methods of analytical treatment of the trajectory
! aspects of accident reconstruction tend to be highly simplified. In the more

detailed approaches, the autormobile is treated as a two-wheeled vehicle,

or "bicycle", in trajectory calculations. It seems obvious that the fidelity
of reconstructions obtained with such simplified analytical models is quite
limited. Yet, a highly detailed vehicle representation, such as thoge of
Reference 4, would probably require a prohibitive core capacity for most

presently available, time-sharing computer terminals. Therefore, an

A attempt was made to select a compromise approach.

| 3.2.2.1 Genersl Approach

The vehicle representation is limited to the three
degrees of freedom associated with plane motions (Figure 2). The
"friction circle' concept {Reference 15} is used to approximate interactions
between circumferential forces (i.e., hraking or tractive) and side forces
of the tires. The cornering stiffnesses of the individual tires are entered

separately to permit simulation of damaged tires. A vehicle tread

dimension is included to provide realistic effects of individual tire forces

18 ' \\ VJ-2979-V-1
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FIGURE 2 VEHICLE REPRESENTATION FOR
 TRAJECTORY CALCULATIONS
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{e.p., locked wheels or {at tires) on yaw behavier and to permit detailed
transitions acrose a boundary defining terrain zones with different friction

coefficients.

Tabular inputs, as functions of time, are used for
individual wheel torques and for steer angles of the individual front wheels
and the rear axle {i.e., control inputs and/or effects of damage). Provision
is included for a linear decrement of the effective tire-ground friction

coefficient with speed.

Predictions of tire tracks and skid marks are generated

as a part of the output information.
3,2.2.2 Specific Analytical Assumptions

{1} Plane motion is assumed. The effects of pitch and

roll are neglected.

(2} The terrain suriace 1s assumed to be flat and

horizontal.

{3} Effects of camber and of roll-ste<r of the wheels

are negiected.

{4) The "[rictivn circle’ concept is used to approximate

interactions between circumferential and side forces of the tires.

{5} A step change in the tire-ground friction coefficient

is assumecd to occur at a linear boundary between two terrain zones,
(6) Provisicn is iacluded for a linear decrement of the

tire-ground friction coefficient with the resultant speeds of the individual

wheel centers.

20 VI-297%-V-1
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The calculation procedure by which the above assumptions
are implemented is outlined in Section 6.3. It should be noted that the
output ianion includes complete definitions of the individual tire tracks
and an index to indicate points at which sliding of the individaal wheels

occurs (Figure 3}.

~3.2.3 Combination of Collision and Trajectory
Calculations

This modification of the computer program retains the
existing capability of the trajectory routine for singlesvehicle applications
{i.e., where the routine is started subsequent to iinail‘separa.tiou of the
co'liding vehicles) but it combines the collision and trajectory routines
for all collision applications. In the two-vehicle mou_i'e of operation, a
test for possible collision contact is inserted at the g'.)oint in the trajectory
routine where the summations of tire forces are calculated. If contactis
possible, the collision routine is called, the time increment size is reduced
and any collision forczs are added to the existing force surmmations prior

to integration of the equations of motion,

A detailed definition of the calculation procedure and
logic used to combine the two routines is presented in Section 6.4.

-

3.3 Reconstructions of Staged Collisions
in the Literature '

In the rollowing, the results of a number of "forward"
teconstruction calculations (i.e., the calculations are started with known
velocities at impact) are compared with experiments reported by Severy,
et al, in Reference 13, While an extensive amount of effort was applied
to the formulation and 'programming of logic to perform "reverse' calcu-

lations {i.e, starting with the position and orientation at rest and working

A VI-2979-V-1
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backward through the various (tems of phyeical éviﬁi@pca o agpmximam
the velocities 2t impect], an eptrations] compuldy program to implement :
that logic {Section 6.6) was not achieved during the r@@r&&é regearch

program. Also, a post-processing routine to generate a vehicle damage

index {VDI), to supplement the sxisting cutput format for vehicla damage,

~was formulated (Section 6.2} but was not made fully operational within

the available performance pericd. i

it ia import&né te note that the analytical predictions
that foliow have bsen obtained with identical vehicle parameters inall -
cazes. The only differences ia program inputs are thees defining the
initial positions of the struck vehictes, which have been held constant for

each impact configuration.

The experimmental results reported in Reference 13 do
not include clear definitions of the timee of brake applications and of any
consiraints existing in the steering systems. In view of this tack of infor=
mation, the analytical predicticns do not include inputs for hrake applica-
tione or for front wheel steer angles, and the trajectories have eacl been
run out for only 2.00 ssconds, rather than to the pointa,of rest. In each
irnpact configuration, directly invoived wheels have been agsumed to be
damaged and, thereby, locked by the co'lision event. It should be noted
that the effects of a locked wheel were found to be of secondary importance,
but that they were in the general direction of improving agreement with
the experimental responses. The specific agsurnptions of wheel damage

were as {ollows:

Impact Configuration Wheel Agsumed To Be Damaged
Striking Vehicle Struck Yehicle
Front-5ide RF LF
Center -Side RF -
Rear-Side LF LR

23 VY-2%79-vV-1
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3.3.1 Hinematice and Damage

" In Figures 4 through 9, predicted and experimentzl
‘, kingmatics in intersection-type collisions are presentad for comparison.
- { While the experimental data do not include direct measures of damage,

the sketches from Reference 13 do give an indication of the general locations

and extent of damage. Therefore, damage pradictions are presented to

permit gross comparigons.

" In general, the correlation of predicted and experimental
i kinernatics and damage is considered to be very good. The discrepencies
in kinematics are considered to be within the probable range of repeatability

of the experiments. o

It is believed that exploratory changes in the estimated
"typical" vehicle parameters, in the relative positions at impact and in
the vehicle speeds (e.g., # 1 MPH about nominal} could produce closer
agreement with the experiments. However, in view of the lack of additional
details for the specific experiments, such cﬁanges could produce a misleading
degree of agreement through the mechanism of compensating errors, It
should be noted that the occurrence of front wheel steer angle changes,

‘wvia the mechanism of aligning torques, and the application of brakes couid

!

g alpo account for discrepencies in the "spin-out' irajectories, While t¢he

: ; computer program includes the capability for simulating such effects, they
¢ were not included in the displayed analytical predictions because of the

: tack of aprlicable information from the experiments.
3.3.2 Vehicle Accelerations

While vehicle accelerations do not constitute 2 direct
part of the reconstruction process, they do provide a primary means of
refining the categorization of occupant exposures. Thus, this additional
malr measure of the validity of predictions must be recognized as being of

< _ fundamental importance,

et
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‘3.3.2.1 Peak Beoultant Values

In Figure 10, predicted and measured (Reference 13}
values of the resultant peak accelerations are presented for the gix collisions
of Figures 4 through 9. If the tire forces are assumed to be negligibly
gmall at the moment of occurrence of the peak resultant acceleration,
rigid~body behavior would require, on the basis of Newton's Third Law
of Motion, that the resultant peak accelerations of the two vehicles be
equal and opposite. In the experiments of Refererce 1%, the measured
values of acceleration were chitzined by means of tri-axial accelerometers
mounted on the vehicle frames near the right center door posts {(i.e., ina
position that was not directly impacted}). Any motions of the accelerometer
mounting point relaiive to the vehicle ceater of gravity would, of course,

produce deviations from equal and opposite readings.

In Figure 10, it may be seen that the averapes of the
measured peak values of accelerations for the two vehicles agree quite
closrly with analytical predictions. In the case of the struck vehicle in thz
10 MPH center-side impact, an early, short duration, 27 G acceleration
spike is followed by a 14 G peak value that matcneg the timing of the peak
acceleration of the striking vebicle {Figure 10 D of Reference 13y, K
shoutd be noted that this impact confipuration would be expected to produce
large relative motions of the accelerometer mounting point, since it was
opposite the impact point and probably received direct forces through a frame
crosemember. In this case, use of the 14 G peak value for the gtruck

vehicle produces close agreement with the correspol?ding analytical pre-

diction.
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3.3,2.2 Timo-Histories of Aceeleration Components

The developed computer program includes aceeleration

_compongnts ai the centers of gravity of the two vehicles. While Reference

13 doés not include data for direct comparisons, the durations and wave-

farme of Figure 1l are in general agreement with those of resultant frame
accelerations in the corregponding experimental data of Reference 13.
The magnitudes have, of course, been shown to be in good agreement with

experimental data in Sectien 3.3.2. 1,
1f desi-ed, the present program outputs could be readily
expznded to include acceleration components at individual seating positions

{i.e., including effects of angulay accelerations about the center of gravity}.

3. ¢ Pata Acouisition Svstem

An exploratory investigation of optical systeéras indicated
several patential advantages for purposes of the present research program
in the form of increased accuracy and speed, reduced interference with
traffic, and adaptability to a standard forrmat for data transmission. [t wasg
found, however, that the use of stadia markings for determining range and
the reading of vernier acales for azimuth and elevation angies required a
significant amount of tirne and 2lso led to som# erronecus data points.
Thersfore, it was decided to investigate the feasibility of instrumenting a
transit with shaft encoders go that the reading proccess could be reduced

to a push-bution cperation.

‘ The Astrosystems Model AE 30C-2 Shaft Angle Encoder
was selected for adaptation to the azimuth and elevation angles of 2 builder's
transit. This device provides a visual digital readout with a resolution of
0.0 degrees. To eliminate the taek of manual transcription of the dis- .
played data, and the corresponding poseibility of transcription errors, a
prototype system was devised to directly punch the transit readings on a
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paper tape. While the witimate form envieiened for this eystem includes
& radgie communications link to & papay taps pmﬂm?m@gﬁﬂ@é'ma remeote
timz-gharing computer terminal, the prdtutype system, which was agsem-

bled from surplus equiprnent, makes use of a direct wire to the paper tape
%

. A m:anﬁardrsta:éia rod was modified {for use in conjunction
with the instrumented traacit. It has two amall lightbulbs mounted flve
feet apart, a switch and baitary pack, almi a spirit level., When the lead
inventigator selectsz 2 point te bs measured, he places the bottomn of the
rod on the point, adjusts the rod to stand vertically and turns on the lights
to indicate that readings should be taken, Transit readings of the top and
bottorn lights are taken in zeguence for conversion inte azimuth angle and

A computer routine has been writteén to convert the
transit datz inte rectangular coordinates in 4 selected reference system
determined by two permanant reference points located at the accident
scene. The initial two readings are used to define the selected refersnce
coordinate gystem. The firet reading locates the origin and the second
reading orients the direction of the posiive X? axis. In this manner, the

measurements are made independent of the specific location of the transit,

A ermall keyboard with decimal integers is piaﬁned for
inclusion in the final syatem so that the operator can codé the dimensional
information ag it is recorded. A five-digit code word is planned which‘;
will identify the nature of the data that follows it {e.g., tire skid mark)

until 2 new identification code word is entered.
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-~ 1n Figare 12, protographs taken during a trial appli-
cation of the described prototype system are shown. An 2ccurate meagure
of the zctual speed capability was not possible in the trail applications
because of the expervimental use of a very slow paper tape ; scher and the
manuzl recording of back-up readings {rom the digital dieplay. However,

ever under these conditions, the process was found to be quite rapid. It
is obvious that the use of a more eificient recording system will produce a
reading speed corresponding to only a momentary pause of the lead investi-

gator at each point of interest. Tue accuracy and repeatability of the o A

measurement system were demonstrated to be better than oene percént.

-
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(b} SKID MARKS AND REST POSITION

{c} DATA GATHERING EQUIPMENT

Figure 12 TRIAL APPLICATION OF MEASUREMENT SYSTEM
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-eqguations of maotion.

e

DESCRIPTION OF COMPUTER PROGRAM

A mmajor portion of this first-year effort bas been applied to the

task of development and validation of computer routines to treat the collision -

. and trajectory phases of accident reconstruction. As a result, progress hag

been hampures on the integration of thoae routines into au overall computer
program for processing accident data. It should be noted, however, that
the remaining programming effort is a more straightforward task, consisting

of the implementation of relatively simple logic rather than the solution of
|

&g depicted in the simpliﬁed fiow charts of Figures 13, 14 and 15, ;

‘applications of the planned overall reconstruction program will consist of

three phases: the posi-collision trajectories, the collision contact 2nd the

precollision trajectories. Each phase will include an iterative procedure

“aimed at achieving a "'hest fit'"" to the overall physical evidence. A library

routine wiil be used to provide system parameters either from storage or
by means of estimation procedures (e.g., inertial properties of vehicles,

tire characteristics, etc.).

The existing computer programming has been coded in the Fortran
IV language to provide ease of adaptation to a variety of computer {acilities.
While primary attention in this first-year effort has necessarily been
focused on the task of achieving operational and valid versions of the major
rcutines, it is recognized that core requiremenis and operating costs are
also items of ¢ritical importance. Therefore, those aspects of the program

must receive equal attention in future developments. .
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The "trajectory" routine (Section 6.3} was initizlly programmed
and checked out on a time-sharing digital terminal {Craphic Controls
GC-10 system, uvtilizing a PDP-10 computer). Bzcause of its greater
pmgram-ming complexity, the "eollision' routine {Secticn 6. 1} was devel-
oped on the CAL IBM 370 System. As discussed in Secticn 3.2, it was
concluded late in this research program that it was necessary to combine
the two routines to achieve acceptable predictions in intersection-type
collisions. Therefore, a cormbined program {(Section 6.4) was developed
on the IBM 270 system. There has been inguflicient time available since
completion of that development to establish the minimum core requirements
and to explore techniques for reducing operating costs. The range of costs,
in this initial form of the combined routines (Section 6.4}, has been approxi-

mately $25.00 per application run {i.€., runs presented in Section 3. 3j.

Alsc, because of the late decision to combine the two existing
routines, it was not possible to achieve an operational version of the
partially developed procedure for generating Vehicle Damage Indices

{Section 6.2For to fully implement logic formulated for "reverse" calcu-

lations {Section 6.6).
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6.0 APPENDICES

6‘7 i Colligion Routine

TRI Bt S R A et S
[y

St PR

input Reouirements

T

i

| ,

s . . . .

| 1. Dimenegional and Inertial - Propertien
i

[

g ‘ XF# $ )Ym . = Distraces along vehicle fixed X axis
% Xrz , Xr2 from the total vehicle center of gravity

to the boundaries of the vehicle at the
front and reay, respectively, inches
{ }(g; iz entered as a nepative
quantity}.

)g, s );g = Distance along vehicle fixed Y axis
from the total wvehicle centoer of gravity

to the boundary of the vehicle at the

side {i.e., one-half of the total vehicle
width), inches,
: I, ’ [z = Moment of inertia of corﬁpiete vehicle
—E’ in yaw, ib-gect -in.
M; 5 Mz = Total vehiclie mass, lb”seczfin.
|
Lo Properties of Deformable Laver of Structure
" o Ky, ’ KW_ = Load-deflection characteristic of
- peripheral vehicle strucuure, ib/in.z
¢ {corresponding to & given height of
contact). )
i Co € 162 = Constant coefficients in parabolic rela-
i

tionship fitted to approximate variations

of the Ycoefficient of restitution' with

deflection,
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ERa——

3, Calculation Constants

aAY

4, Initial Conditions

¥ ?
XC{Q s Q10

Xew 3 Voo

(4]
Vio s ¥eo

L, Vi
u.f‘.‘@; vﬂ‘;ﬁ

L &

y;ﬁ ¥ M@

Friction coefficient for tangential
forces hetween the two lateracting
bodies.

Angular interval between radial vectors

in contact determination, degrees.

Acceptable error in pressure balance
betweern the two bodies, Ib/in. (note
that a constant height of the contact

area is assumed}, Also, for solution

stability, ( ,!("w-éf ' Kua‘:”??i A

Increment of change of radial vector
length in iterative routine for achieving

equilibrium, inches.

Minimum magritude of relative velocity
for which vehicle-to-vehicle friction

forces are calculated, incues/sec,

Coordinates of initial position of vehicle

center of gravity, inches.
initial heading angle, degrees.

!

Initial velocity components in vehicle

coordinate system, inches/sec,

Initial angular velocity, degrees/sec.
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C. G, Fosition . Yelacitien Aecelzration
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Time B L Angie {fefeect Votocity 1l8uniee]
fgac) ey p A {degl Fwd Lat {degirecil @y Gy |
. ¥ 3 “» - o *® ]
t iz | el snaseyy|  Bna | Vire) stesel| a4
’ 386. 4 SEG. %
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VEHICLE WO, 2 Page 2
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Heuding Angular i
Time L) ot Angle ft/eec) Velocity ftiuniis]
{eec) Hes ?;,4 {deq} Fwd Lat {depfrecl) g Ly
i ) . . - r3 ]
t Yoyypl Taynz| s7.296¥% Hypo | Yijiz) s7.208) s Vs vidolfy
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{DISPLACED POINTS) Page 3
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X; y; }{g ,V,;
&, Cos sy Ca sin Yy sz €05 Uba, Qaz 31 Uspa,
006.0 000.0 ¢00.0 000.0
{Correspording to 81+ ¥ {Corresponding to W
of Table 1} @ b of Table 2} f’gg, G
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Car-to-CTar Collizsion Routine

1, Set 4 =1, 4 =2

2. Corner points of vehicle 3“ in space-fixed system:

|

X;::f = X;é' +Eg-m§% - Gﬁ'sih%-

iyt - gl g CO5 Wy -
Yag = Yoy T EjsiYy +64 ¥ | |
¢
where
n E; ! Gy Corner
s 2
1 Kef * Ve LF
3 XPJ' + ngA LR
" Xy v RR
3. Range of clockwise angular sweep for vehicle ,aé‘ :
¢ ‘
( ‘ yﬁg - X:A
.}z arctan ) “OVTTLE LT ’
! %)}I cran XJJ“X£4 w‘
: . ¢
§ where N =1,2,3,4;0° < { %4’ }ﬁ < 360°,
H ® H
e 54 VI-2979-V-1
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e Bt Y

[

., SWEr

7

AROANGE FHCLES
i ORHER GF
B EAING
HASR | Tirb s

Cis e vae 215073 M0y )

yes —
@'m Iy it

YES

¥ ¥ ¥

( U5 = SMsUEST VALLE ( 'Y = SMALLESK OF VALUES
%")ﬁ %"L LARGER THaM] 150°

é
, (%a)ﬁ“" LARGEST VALl (M@;)ﬁ LARGEST 0F VALUES

LESS THAM | F0°

’
4, ‘Set( %; io.zﬁﬁ“I}{ﬁW}. where ¥l = .;((Zﬂ ?;/)a

rounded off to the nearest integer.
5.  Start of clockwise sweep of vehicle A
et Yo = (Who),
6. For 340° < %z s 8et %j = %A' -360°,

7. zsuzaa°<[(%;}F~ Woi 1502

{a) If no, proceed to {8).
{b} If yes, go to (20}.

8. For %i s iz there an entry in Table 4° ?

{a} If yes, set (’gg = tabular value, go to {10}.

{by If no, go to {9}.
VI-2879-V-1
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s 70°4 Wy S HO, oR

Moy

250°% Y S 290° §

s 10 Y S 1705
or 1967 £ 350" Y/

=0
by
&
f-..(“ﬂ—
g
@
2]
RS
Py

i
581’2 eggjz eéq.i‘: "“'foﬂ

Select smallest positive value
of Cpn »For n=1,2,3,%
¥
7
Set f'gi = Ppn.

Enter [ Wpss £ = Cas Ymax ¢ in Table A
as temporar entry.

10. Transformation of point %j R f-’a’; } to vehicle 2’_

coordina.te system:
(XB‘;)?. = ()’c:.- —72; ) sm%' -9*@’4;* l@;) 08 %
+ 0o cos (Ui % %)
Q”ai);' = Q@;“’ y.:'é ) coﬁlﬁj —(%}Xé) $in 2/{;,
+ Ps; sin (Ui %?!{,-—?,4/4)
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S 8 2 g T T e, Y
”

R TR TS %%* <t Xy, < ¥, sed
4 ] 'é
“'ysg < (%&)3 € }g‘g

{a} If yes, go to (12}

thy if no, reject (C‘&: {remove from Table 4
if a temuorary entry, i.e., step (9) entry]
tncrement %4 by +gi%y » retura to (6},

‘ (f%g} . . ot
1Z. % = arctan -(mj , where < g, < .
| 36@“5; Ty %j , |

)

f){ﬁgf)-‘ where i = (%if) rounded

"

13, %&

off to the n=arest integer.
i4. For %g ; ig there an entry in Table ? 4 .

(a3 If yes, set €5§ = tabular value, go to {15},
(b} If no, go to {16}.

15. 15 Qs t\!(j{ﬁé}; + (ys.i); ?

' {a) If yes, reject £p; [remove from Table A,

if a temporary entry, i.e., & step (%) entry]

increment %4- by + A'Z,V , return to (&),
{b} If no, proceed to (16}.

16. Calculzte values for the following two sets:

~ | .
{a} Ky,{ (X.zﬂ'j”xg?;) 3 KE&' (’{e‘, mX&x) 3 kVA‘ (yﬁ _! Vs i)
b} Kyj [X;&'@"(ng)g]; Kyy E(%g)g‘ }4] , k’"ﬁ [ng - ’(}3’4%{]

{Note that all values must be positive.}
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17. Select the smaliest value from cach set of step
{16}, f
E’ = smallest valuz of set (2},

?é.

gmalilest value of set (bl
18, Is iﬁ'“f}i < A ibfin.?

{2} If no, increment Xg_" o }éj » (%’sjé ,
()"g‘g‘)g' as follows:
LAY = =Ep) ey
i A}’gfl‘ —-(A- ) ‘Sfﬁ?}béw
Al -(sz.») cos (U4 + YY)
A(yg,);-:’- ...Gg\;ﬁ) SN (2;%{ f?jy “"3‘%)

" Return to {16}.

IR

by I yes, enter Xp o, Vg o oor (Xga),
(%), alengwith B , %, in Table 3.
Table 3 is to contain all points deflected within
the current time incrément on both vehicles,
asg defined, or transformed into, the coordi-
nate system of vehicie 1.

will be based on vehicle 1.

The force cajculation

Points should be
entéred in the order of a clockwise sweep of
vehicle 1. |

19. Recalculate (—’34',&5 follows: ' :

i = € (e (- TETT -

where (f)&l)%x: temporary value of Ggg‘
entered in Table 4 in step {9).
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g
cC = - -
) _io,'ﬁr§a£~§
. § = (Pgﬁ)m.}f - Vﬁfgj‘f’}‘gj

Enter new value of Pg‘i in Table 4 asa

pe-manent entry to replace (P@, )Mx of step

(9} corresponding to U, . Increment (Yo
by +A¥f , return to (&),

20, 18 A =12

fa} I yes, sét ,A' =2, g = 1, return to (2).

{b} I no, proceed to {21}.

2t in Table 3, start with-the-valu_e p_f Xg; or (ng),
corresponding to the first point in a clockwise

sweep of vehicle 1.

P 7 , 2
Ff’?t = (Pg )n%ﬁ(*;’);ﬂ”] {U ;@Xﬁ *’.)h - @'ﬂ)ﬁ”} 3'.;.[(}’3,’)5—%4} s ;!

(Y@.)n - (yz?l)mr |
(Xsf)n "'(Xfr)m-: g

= ac*&a
U/Fm v n

{Note that the calculation must be able to accom-
modate a zero denominator {i.6., fep, = 99°)
since a frontal collicion can yield Z//}.-n, = 90°
for the entire set of deflected poiats, }

' _[Ge). +0m)
z2. X, = J:(XSI);?:(%!)}?H] 5 Y, = {Lg 2 21 nf—ri{

2!/?) = Ga*‘rfﬂh %_

{
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o

' r ' | ! X, = (}i‘-i”é;) si W, "é”’("%’e:i “k’&)ngfa
+ %%+ 1,° cos (Y, +% -&)
= (Y =Yo) eosYy = (K- X5) sn ¥,
+ k=" sin ( Y 2, - e%).
23, Vy = (éi,‘f"!; %’{) C“M@u +(Im*%a{)5m%ﬁf
f Ve, = ((,{&-g-)'&?j{i)éaﬁ (fﬁ.’"éﬁ{ "%yﬁ?ﬂ)
— (it X ) sin (WY~ Uhny )
24. | 0, f%!vmvi{gv
= u sqn (V= Vi )5 or Sy <1V !
25. Ff.’i&’# = ﬂi (/5131 M#’ +* },COSM:‘;,;,)
Fnr = Fou (¥ sinWep, = oY )
Nm Fmﬂy +an Xi

26. ﬁ?ﬂ. = = by, COS (2?5’ ZV) ny 51 (/Z%»z;f{)
' Frya =  Fow S (¥~ %’) Fay €05 (4-%)
' - MNps = "'ana Y2+Fnrz Xz

ot A 1, e St

7t " Zn'/v
27, F;_,‘:: Z@m %‘ nye *“" ni
Lad
=2k

Lk
:EMP‘);’
§

28, Clear Table 3,
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. w_z .
) ¥ i 29. Equations of motion:
“ % L1 ] N L2 Af
i f b e § ot m“""{“
? 5 E Zry; - I, % i fa.
: | | a > A ot ; Fiz
- : — - A ' - privs QN
4o U-NY=54 A AR
17 v Fy p v = Fn
Sa i+l = Vi HUU S g
= ‘; ™ * t o
30. Z,l/, == ,?r;,;o - //, . dt
W= U+ [ %
i '!(c’: - X;_.; + f t(ﬁ cosll =V, sin (zl/)alf‘

Y VS o= Yo foé(f,f, sin ] +V; Cas?zﬁf)mfl‘

: 31, P & ¥ e

W, = Yo + [ U ot
0" t a

: W = W + L 774 At
H ! t
w@ Xcz = cl;a + f (’U,_ CMZZ/ SJP‘PQJ/)QJZ‘
: Y, =Y., + f (Lf sind, + Vi cosdl, ) ¥
32. Return to (1}

‘ Tabie 1 Table 2 Table 3
) Wy f?ﬁ! 2z eé’z /Y; Y : ?;
Deg Inches Deg Inches Inches Inches [ Lb/in.
(100 Pt. Capacity] (1C0 Pt. Capacity} {100 Pt. Capacity)
. &
' Retained for Print-Out Cleared Between Time
Intervals
:
s
Lo 61
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6.2 Post-Processing of Coliision Routine Gutputs to
Generate Vehicle Darnapge Index (VDI}

{Based on SAE J244s, §/29/71 Draft)

The classification system consists of seven characters,
three numeric and four alphaﬁumeric, arranged in a specific order. In
the collision routine oaiput, the classification should appear with each
"DAMAGE SUMMARTY" table as VDI = 0000000, .

l. Direction of Principal Force at Impact

(Columnza | and 2}

1. i In outputs for each vehicle, scan A}(,,é ¢ Ayg to find
the maximum value of | { ﬁgé )2' + { ﬁ?é‘ )2 B
/

If maore than one impact occurred {t.e., both !&}f@ E
and ii‘%?ﬁj less than 1.0 g's subsequent to a maximum, followed by

larger values) find the cited maximum quantity for each impact.

.

Order multiple impacts according to the relative magnitudes of the values
[ %Xé )2 + ¢ ﬁ}gg )2} {i.e., starting with the largest value, ‘in order of
decreasing magnitudes).
H
1.2 For each maximum value determined in 1.1, let {ifp =
arctan A%j' where 0 < % < 360°. (Use sgn ﬁfg . BEN f‘%kg to

getermine quadrant.}

$
1.3 N : ol rounded off to nearest integer.

30

1.4 Al =N +6

1.5 For A/ < 12, proceed..

For 12< A , set A = A -12.

62  VI-2979-V-1
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I For each irapact, sat columns | and ¢ classification
to Af ti.e., 01, 02, 03, «-ove, 10, 11, 1E)

2. Deformation Location and Classification Code
{Column 3)
2.1 in the damage surnmary tables, determine the end points

of each continucusz angular range {i.e., ranges where & %% b= ﬁ“@" ).
Note that a continuous range across 0° will appear at the ends o§ the table.
Pesignate end points as %» D1 {beginning) and %fi)" {end} of continuous
clockwise sweeps, where 0 < MDI < 360° and 0 < WDZ < 3L0°,

2.2 Calculation of midpoints of ranges determined in 2, 1.

{a) If range contains zero, go to . 4.

{b) If range does not contain zero, proceed.

2.3 % = &"‘5&;5?@; . go to 2.5,
| Wiy - 366°) +
2.4 @%? - ( & ™ 9 3;) dE

For %< 0, set % = &‘VM + 360°,

2.5 For multiple impacts {i.e., more than one value of A

in 1.6, the values of A can be matched with values of % as foliows:
% e 0y . find nearest values,
For several values of ﬂl near one @f{@ {i.e., several

impacts within one region cf damag,e) select the M corresponding to ‘the

largest rnagnitude of [ (ﬁ@kg } + (ﬁyﬁ I I
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et gy, e

T B

2.6

Caleulzte the following 1Z angies. All englos to b@_

between zers and 360°,

&

#

ft

%&5‘”
wi-

asctan mszs% ¥,
arcwﬁn. }%{% @yg = ayctan
= arctan &.702 % ﬁ%ﬂ' = szctan
srctan

arcta_n

archkn

arctan =0.333 if%%

= arcian

= aroian

= arctin -3.333 %.
A

Neote that the sbove angles lie in the Icllowlng quadrants:

igt Quadrant: @1,

£

Fp ¥,

2nd Quadrant: g’;' &g’ %@;;
s % Vo 7,
smasarsct P P P

2.7

¢ & -
For '%&‘15 @‘g@ < 3é0°, orogﬁﬁg ﬁ%ﬁ ¢ 85¢

column 3 = F, goto 3.1,

) g ’
For %@'z < % < &95, set column 3 = R, go to 3.2,

é ¢ :
For %55 % < %W got column 3 = B, go to 3.3,

& P &
For | %8{' % < fgfu. aet column 3/'= L, go to 3.4,

64 VI-2979-V-1
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3. Specific Horizontal Location of Deformation

" {Column 4}
. - /

~ FRONT /
’..’

. /] sl
' 3.1 For &li @Bicyw’ set column 4 = R, go

. to 4. 1.
| i . & ‘ / & ’
\ For %mi %@f&{r < %? {2 8° to 3.5.1.
H . /
s " ¢
4 5 L] '&f’
For %ﬁwg ¥y <3600 oros Yoo < ¥
goto 3.E.2, /
' ¢/ : 'y"\"
300 For Y W, e w0 <&,
T get column 4 = Y, go to 4.2. ‘
: y | e
For @5&"_ < w{)& < @?f 3° saf column 4 = D, go
T to 4. 2. ‘
. § ' 4
For @yn < &/DZ < %12, get column 4 = 1., go
to 4. L.
&
¥ <

~ E’ -3 < ) (
3.1.2 For }’12< o2 = 360° or 0 < @/m bl gg"’l:
set column 4 = C, po to 4.2, .

& ' §

For @’ 1< w &3, get column 4 = Z, go

<

65 VI-2979.v-1
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RIGHT SIDE
' ¢
3.2 For @;:f_ @ybl (éﬁi’ go &0 3.2.1.
t Faor %5’; < gﬁii}l < ;w‘;p go to :.2.2.

: : ¢

; For gi‘; b %Dl , set column 4 = B, go o 4 L,
¢ ‘

; 3.2, < < at col 4=F

2 4 For Zﬁz @DZ 'f_@}g get column » 8O
to 4.1,

; For %s < wm < 3&4, set column & = ¥, go

: to 4:2-
I
. ¢ ¢ |
For EW < 55’ < @J , et column ¢ = D, go
4 D2 - 6
to 4.2. -
i
g5 B 4 !
nz.e  ror W< ¥, s .. setcolumn 4 = P, go
: to 4.2, '
: wl ¢
i For 4 < %"'Dz i %@6. set column ¢ = Z, go
} to 4.2,

.REAR {BACK)}

; ¢ §

3.3 For wé-ﬁ @Dl <%yé. go to 3.3.1,
,_ e

! For Zﬁ’(,f. aybi <%§§7, go to 3.3.2.

¢
For g"?i ég/D! . se¢t column 4 = L, go to 4. L.

\
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P U P S

) 3.3.1
to 4. 1.
to 4.2,
to 4.2,

3.3.2
to 4.2. 7 '
to 4.2,

3.4

3.4.1
to 4, 1.
goe to 4.2.
go to 4.2.

For

&

%&s" é&né'

& '
2?6‘: &{im

For
&
For y?‘: gwm
¢ 9
For @,6( ﬁm
¢,
For &;'f wna
LEFT SIDE
For zﬁ‘;i gybl
For Eﬂ:ﬁ éﬁm
- f
For ¥ 0% gim
¢
For glac &902
¢
For zﬁ‘a" gynz
4 £
For 2@’10«: %"jm

67

fA

in

A

fa

A

3

in

<

% a6t doluma 4 = B, go
4

get columa & = Z, go

Sy &

ég;g, get column ¢ = D, go
¢

w?, act column 4 = £, go
é

&9, set column 4 = ¥, go

é
@9. go to 3.4.1.

¢
U o w342,

set column 4 = F, go to 4, 1.

&
éy?‘. set column 4 = B, go

]
gjm. gset column 4 = Z,

)
< Zﬁf'w. got column 4 = 13,
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H
5
H
4 ¢
£ f 7 !
3c s AN < v ! = B a
4.2 For %f? B2 < é’fpfg jor o€t mi@mn 4 = P, ;
go te 4.2, :
For W <W W
or i6 D2 < 12* set column 4 = Y, e
go to 4.2,
4. . Genera: Type of Damage Distribution
{Column 6}
Note: Set Column 5 = 0
Vertical Location, Not Applicable
- 4.1 Corner Damage
f
r _ Scan Damege
Ceolumn 4 Range For (D15}
F (xim'm Zp = X
R (Y}min YS - Ymin
B. 1249 Jl{m&'x - }{R
L (Y}max ' YS * Ymax
Column 6
6 < (DIS) < 4.5 s :
4.5 < {DIS} < 16.5 E
16.5 < {DIS) W
i
i 5
68 VI-2979%-V-1i
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— N
fg -
4.2 | Gide or Eed Damape
) Column 3 {DIS} .
1", ¥ GY) % Dz = (Y§ @ ni ‘-",\’\
R {(Ris - {X¥%
| & b1 ¥ o2
! - § oy
L X1 pp - 3
Colfumn &
6 < (DIS} < 16.0 N
16.6 < (DI3) W
5.0 Extent of Deformation
Scan Damagye
Column 3 Range For {EXT) Go To
; F {x)min KF - xmin - .1
2 R (Y)min YS - Ymin 5.2
B (X} nax A max ',KR 5.3
Pl .
, L (Y}rnax '\YS + Ymax 5.2
&4 VY-297%-V-1




3
]
é
. :
3
5.4 For Columa ' = F ' ;
Ly z
{0 lumn 7 .
0 € (EAT) < 0..5X : 1 ;
. . - F %
ya 0. 125 "f..; < (EXT} < 0.250 X 2 "
G50 X, < (TXT) £ 00575 X 3 ;
" L) lg’l Ied
Lo B X < (EXT) £ 0.500 % 4 |
6.500 X < (EXT) £ 0.625Xg 5
0.635 Xp < (EXT) < 0.846 X 6
0.846 X < (EXT) £ .. 946 Xp 7
) 6.%6 X < (EXT) £ 1046 Xp 8
! ' _ Loth X < (EXT) g
5.2 For Columa 3 = R, L
Column 7
0 < (EXT) < 0.165 Y 1
0.165 Y < (EXT) < 0.253 ¥g .2
0.253 ¥g < (EXT) £ 0.502 ¥g 3
0.502 ¥ < (EXT) £0.751 Ygq 4 .
0.751 ¥y < {EXT) £ 1.000¥g 5 |
1,000 Yg < (EXT) £ 1.245 ¥g 6 : ’
| 1.249 Yo < (EXT) £ 1498 ¥ 7
1.498 Yo < (EXT) £ 1.747 ¥g 8
1747 ¥ < (EXT) 9 /
; 70 VJ-2979-V-1
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: _' K
G 3 For Column 3 = B
<3
‘ Column 7
=
. 0 < (FXT} < -0.688 Xg i
-0.084 X < (EXT) < -0.166 Xy 2
-0, 168 XR < {EXT) < «G.E%AZ Ka
-0, 252 KR < {EXT} < «0,336 XR 4
~8.336 X < (EXT) < -0.421 X 5
~G. 421 X‘g < (EXT) < »0.5&3 ‘ﬁZR &
-0.5BE XR < {E4TY = -0,76% XR 77
-G, 769 KR < {EXT} < -0.950 XR 8
-8, 950 XR < {EXT) 3

[l VI-297%-V.1




6.3 Trajectory Routine-
1 INPUT REQUIREMENTS
1.1 E_)j_mensional and Inertial Pr“(;pe:ti.es

1§

o, &

X

I, -

’

Distances along vehicle fixed X axis from the

total vehicle center of gravity to the center lines

of the front and rear wheels, respectively, inches

{(both entered as positive quantities).

Tread at front and rear wheels {average), inches,
. z,.

Total vehicle mass, lb-sec /in.

Moment of inertia of complere vehicle in yaw,

. 2 .
ib-sec =in.

1.2 Tire Properties

C;)Ca 153,6. ™

Cornering stiffnesses of the tires at wheels 1, 2,
3, 4 for small slip angies, pounds/radian (entered

separately to permit sinwulation of damaged tires).
Tire-terrain friction coefficients at zero speed.

Coefficient of linear decrement of friction with

tire speed.

72 VI-2979-V-1
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/\.(3}1%‘3‘ =

1.3 Steer Angies

m =

M;Vz *_

Tabular inpuls of tractive or brakdng forces at
wheel A {positive for traction, pegative for
braking), pounds {0. 10 soc intervals).

Pointz defining boundary between tervain zones
(4 =1 2}, inches.

Rear axle angle produced by damage, deg. - .. e,
Tabular inputs of steer angles as functions of time
to simulate steering or damage, degrees (entered
as degrees, comnverted o radians, 0. 10 sec intervals}.

1.4 Initial Conditions
7 ’ : :
Xr:a, yéo = Coordinates of initial pasition of vehicle center of

o

-

S
"

gravity, inches,
Initial heading angle, degress,

F)

Initial velocity components in vehicle coordinate

system, inches/sec.

Initial angular velocity, deg/sec.

73 VY-2979-v-1

-
»



et

'V

i

2. OUTPUT FORMAT
1
C. G. Position Heading Yelocities Anguler | Velocity
Time {Ft Angle {Ft/Secy | Velocily Vector
{Sec) ! o (Deg) Fwd iai  |{Degl/Sec) {Deg)
# X [v2 i1z | 51,296 ¥ @1z | ¥z |57.296 x
0. 00 0000. 0 {0000.0 000, 60 GO0, 00 | ©80. 00f 000,00 000, GO
Accel, at C. G Tire Tracks !_‘Ft}"w !
Time {Ci Units) RF LF RR LR §
{Sec} Long Lat ,:. 7,: ;; y; x‘_é V} ) ﬁ_ 1
+ 2y dy X2t nnz) g2l gl gnzegnelxnzg e
7.00 | 0.000  0.000  |0000. €|0000. 0 {0000, 0{0000.00000. ¢ {0000, 0;0000. 0{0000.0
* 43 <|F; ] avdlor (K W-1.001b) < Fep , this information should

be made available, along mth the wh
be displayed as skids {i,e., solid]
datted lirnes in the graphic display.

3.

Lﬂes)

NORMAL FORCES AT WHEELS (ASSUMED CONSTANT)

W!:: Wz

W, = W,

z(afé}

,:&,
2(«21-6—)

M q

T4

st

input Calculations
Cinlv

‘¥

Vi-t979-

ee] lacations, in order that the tracks can
Otherwise, the tracks should be
Mark with asterigk in print-out,

(1

= 386.4 inlsecz)

{2}

v-i




>, .
armm g et S S

SO S A S

. EFFECTIVE FRICTION COEF JICIENTS
4.1 Positions of Individoal Wheels
13 .
y' = Yo'+ asmlf + L y”
] V‘ I o
o= Y vasmy - Ly
RV Ay
RRSX; -.Xc,m-gmy ZM*"‘V (5)
(Y = r'-bsmlt ey
. N r X ! g Tf - 2//
LR s = Ao —deaa¥+ F A {6}
Xq»‘ = )’ci“'gﬁéﬁwﬂgm%
4,2 Determination of Terrain Zones for {n.dwidual Wheels
’ P LAY :
(J_" = \/ (X.t) t (7:() (7}
R [ V& fyF .
Cp, - ! (Aps; f(j,,)A- , 4 =12, 3)_4 (8}
where

Xy = f}; §’{§ >ﬂkjf (9)
’_64',”

1‘)/
§ - (“‘"2 - Yor ) Test ()C?.a Xg:) (10}

Koz~ X i Xy~ Ay, =
5£’t IY&' puiesd Xﬂ]
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¥ %
B = L) ¥, | (y
” | P X‘ A ,
by
R TEST: If O, Al = i
T 4 ¢
; i .
E)P‘ < ?" )MS‘{ :ﬂl
4.3 Wheel Speeds
oy 2 <
png V(a - %@V) *'(’U"f“ﬂwjl infsec {12}
> S, = \[(a +%l’;) 21‘(11‘4»522&)2' in/sec (13}
i‘ = V(Ll— % ?!'/)2'+(/1f3~ Q&)L in/sec (14)
i
3 S,f_ = ,\!(Lf f’%?&)&‘f' (%f"é'w)& infsec {15}
— - . - (16)
Ay = /“54- (f Cf;fsx): A=1,2,51
5. SLIP ANGLES {SATURATION AT APPROXIMATELY 20°,
TAN X 22X )
| viay "
(cx! - m?;/f/ﬁ w?,Z_-! ﬂ?ﬂc{ radians {17}
e Test for zero X '
U denominator. ‘\f’-fa . .
L I{ e . t t q - {/( radians {18)
s ) nufn;:'atos? A /[’{ +.2 Z‘/ %//'FZ /J?M
- V'”(;W - % radians (15)
Set% = § l!f‘( J:;‘/
% = 1,57 . Oﬁi_ e M — %/J?ﬁ’lé{ radians _'(20)
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6.2

7.1
fsi -

7.2

CIRCUMFERENTIAL TIRF FORCES { £ = 1,2,3,4)

1§ 7;. = @ {input table}, bypass calculation of /;_;. , Bet /i.::;. = 0,
}
/
I£0< [ (Traction),
7-} # {’or 7:' f‘/é{‘ WA
F{:. - . ) (ZhH
“ AW, R for a, W < T:
i ?:" < 0 {Braking},
ﬁ(f‘%ﬁ«’) for [ T7] < st censsy .
[
4 (...,/% (éf’n&{)md For W eoch < | Tl
For IU[ < 2 inches/sec, multiply Equation (22} by
Il
4&0
NONDIMENSIONAL SLIP ANGLE VARIABLE

Ifq /vf,g WA =1, 00 ik} < /“c . , bypass gide force calculation, set

)
=0, pgoto9.
FT‘ : Cdl‘ qr" .
A (23)
2 PR
Y/a,e W - .y

17 VI-2979.V-1
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T T T PR T T,

*

8. SIDE FORCE CALCULATION { 4 = 1,2,3,4)

d. 1 If both ,’V[ and /U;l < 0,5 inchesfesec, bypass cide force calculation,
set F:s‘,' =0, go to 9.

8.2 If either 0.5 infaec < /W or Q. 5‘irs!sec f_/L{f , and I;é:,; <3,
zz - 1 |3
54 v/u* y“\/ [{%‘ - ! -é-- ﬁ J {24}
For 3 < Igé:{i ,=’=

F “J/u'{ 7 ,,J_ E , where 3?5 FST_" F 3 ﬁ‘. {25}

9. SUMMATIONS OF FORGES AND MOMENTS { £ = 1,2,3,4)

Fé‘. = Fg;. cos{ff + Fe sin W (26)
Fo, = ~F sinlf +Fe, cos Yy @7

4 “

Sliding Wheel. Retain this information for print-out and graphics,
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where w, % = geparate tibular inputs ©

= consgiant.

AN

?f;’f :%
£

ZF =

iy

%

h, oA
El L]
e
<M

)

.@,

Z

oy
i

M

sl

&

A
L]

i

ZNy, = (b the-f) T + (5t h)a

- (53+F;’4)’§'

10, EQUATIONS OF MOTION

o >N
= oL

i

;/}-V'f'/gycff'

749

x' = x. +/(aana, Vainl)d t
AL ‘f'/([,{aomaﬂv‘-lfm?é’)a{i‘

(28)

(29}

{30}

{31)
(32}
(33}
(34)
(35}
(38)

(37
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i,

19

bi. 2

OUTPUT CALCULATIONS

Direction of Velorcity Veclor

Y = anlan (é{'&}ﬁ@%“@"m&ﬁ')
Uealy ~Vam

Accelevation at C. G. in Body Coordinate Systemn

a;g« = LZ "‘“V&& incheﬁfsec?'
aj; = I/L ‘f’“?j’ incheg/secz

80

(38}

{39}

(20}
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b Combination of Collision and Trajectory Routings
_ l. General Plan
N :
~ .
{1} Retain existing beparate mode of operation of ;
. trajectery routing as an option. Add index to inputs to indicate single or ;
two-vehicle application.
{2} In two-vehicle mode of operation, perform existing
trajectory calculaticns for each vehicle up to point of force summations.
Add test for possible collision contact, If no contact, bypass collision
routine and proceed with integrations. {f contact is poszible, reduce time
increment size, call collision routine, add collision forces to force
summations.
(3} Combined outputs:
Pages 1 and 2 Vehicle #1
Pages 3 and 4  Vehicle #2
~Page 5 Damage Summary (at end of run only}.
$
Note that with the exception of VELCCITY VECTOR
and TIRE TRACKS f{trajectory outputs), the outputs are the same items.
{4} Combinad inputs:
& Trajectory » Cards | and 5 common to two
vehicles.
o ) Cards 2, 3, 4, 6, T - two sets
! required.

i
Collision - Omit Card Neos. i, 2 and 3.
S Cards 4 and 5, omit fields 4 and
5.
Cards 6 and 7, unchanged.

81 VI-2979-V-1
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{5} Print out every time increment. The time
increr.snt size will be changed within the program.

{6} A counter for time increments subsequent to
separaticn permits the use of a reduced time increment duriag the time
that further contacts are likely and a2 large time increment for the

Ygpin-out''.

Z. Specific Program Modifications

Following the force summations of the trajectory

routine, insert the following tests.

i, if index = { (siangle vehicle application), proceed
to equation 31. BSet &'ﬁi = §.025 sec.

If index = 1.0 (two vehicle application), set

g = 0, perform the following steps:

Note that above index test should b+ applied
only once in a given run. The index must be added to the
input data. g = counter for time increments subseguent to
separation, or prior to initial contact.

S

2. v Proceed with second vehicle calculations through

force summations.

3. Test for possible collision contact:

. * Vehicle
3.1 Set 4 =1, ‘g; =2 identification '

82 VI-2975-V-1
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e

Erp—

-y

S—

. 3.2 Caleulate the following coordinates of  .icle
A corner points in vehicle é eystem: '

(xm} =y - Y;é') sin 2% s fxes - Xégf‘}c‘.os % |

P (W) e )
(YNA')g' ‘*:. (Y& - é‘éjcus ?ﬁﬂ% - {x&,{ - Xg$>5in %
+ Xﬁdy sin ( %ﬁé‘ - %) + Y@j cos {’gg& '{%)

%
where ‘N % i Yari F Corner
i -
b X Fi C Yei RF
|2 X g Yg; LF
3 ' X&‘é Ys‘f RR
4 X pa “Ygi LR

3.3 set A = 1.

B4 1s Xg < (’xgj')é <Xpg and
- Y.

s4 (Ywai)é < "335
. (a) If yes, set AL = 0.001, 2 =0, call
Collision Routine, determine collision forces, add to force summations and

proceed with integration of equations of motion for each vehicle.

{b} If mo, gote 3.5,
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3.5 15 A <47 d‘

{a} If yes, set ﬁé = N +/1, return to 3. 4.

{b} If no, po to 3.6,

®

3.6 s A =17
{a} If yes, s¢f¢ ,Q. =2, @ = 1, veturnto 3.2,

(b} If no, bypass Collision Routine, go to 4.

4. Set time increment counter, g . to g + L.

5. I § <100, set AL = 0.005, proceed with

integration of 2quations of motion {or both vehicles,

If 100 < ¢, sct AL = 0.025, proceed with

integration of equations of motion for both vehicles.
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&.5 Coefficient of Restitution

Program inpute control the extent of recovery of
vehicle structural deftections, and the load-deflection rate is assumed

to be identical for loading and unleading. For compatibility with this

e form of analytical {reatment, the (ollowing relationship must be
j maintained: ‘
c = [L60—-|iI—-¢& & {see Figure}
where { = program variable

t

coefficient of restitution

&

The propran: variable, C , is defined

i &

C = I~ G

i where é‘; = final defiection, inches

5”‘“: maximum deflection, inches

With the ass&nption of identical toad-deflection rates, g,

for loading and unloading, the returned energy, £R , tnay be expressed

£g = ék(é;“é;)
v = férk'é‘g;(EC“—Cz)

b

Thus, the ratio of returned to absorbed energy

: i
fs e* = 2¢c-c¢c”
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COEFFICIENT OF
RESTITUTION ,

Figure RELATIONSHIP BETWEEN PROGRAM VARIABLE C AND
COZFFICIENT OF RESYITUTION
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Soiving for <,

C = (.00 )~ e*

An approximation of the properties indicated in Reforence 8

has heen obtained with the {ollowing program inputs:

B

C, = 0.//50
Approximation of

; _ -2
| c, = §.100X%/0 “eypical't automobile
frontal properties

| C, = 5.61900°%
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— : 6.6 Logic for "Reverse" Calculations
P g RECON
i, Set g = 0 (é, = vehicle identification)
2 g - ﬁ' +1 (g = counter for passes through 5-12)
5°°
. Type I = Subcompact
3. Read vehicie type s Type 2 = Compact
Type 3 = Full Size
4. © Call PARAM, return with @, 4. T M I, C,
‘ CZ' C3’ C4' { @jl}max.
N
.‘j'
’ 5. Any damaged tires?
5.1 For g = 1, transmit request for recheck.
For .2 < %, go to 6.
e N .
T 5.2 1f no, go to G,
~

5.3 If yes, identify involved wheel(s), call PARAM

for revised C;.
oA
6. More izan one surface type?

6.1 For g, = 1, transmit request for recheck.
For wag, go to 7.
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6.2 H no, set ggg . yggv out of ranpe,
set ﬁz = ﬁz = measursd value. Go to T.
In absence of measured value, call PARAM

for "typical” value for ﬁl.
4 2
6.3 If yes, entar g§§ R g&g az measured,

enter &, A, as measured.
In absence of measured values, call PARAM

for "typical” values for ﬁi’ A5
Measurement available for % ?
7.1 For O <g. go to £,
7.2 1f yes, enter measured value. Go to 8.
7.3 If o, call PARAM for “typical" value for %gg .
Posgition and orientation 2¢ geparation.

8.1 For % < 31 , transmit request {or recheck.
F’orSi % » O tO 9.

L

g L f _ ‘ ¢
8.2 Bet Xg@: xeg N _Xé@ = y@.‘s‘ ¢

& =¥ o

Fixed steer angles produced by damage?

9.1 For % = 1 , transmit request for recheck.
For 2 < g « go to 10.

9.2 1f no, go to 10.

8% V1-2979-V-1



If yes, generate appropriate tables for Z;@fl

‘and/or @/2 and/or % {i.2., enter three

#qual values in appropriate table{s}), based on
e eni anel, .
measuremenis at scene}, {Use 2;71 max

for "{ull® steer.}

10, Evidence of driver inputs of steering, subsequent to

© separation?

10, -

i0.2

10,3

For % < 3, tranamit request for recheck.

_For 3 < z » go to 11.

If no, set géf’ tables, other than those gencrated

in 9.3, to zero. Go to 11.

if yes, generate appropriate tables for %'/] an;i
¥ - (Use @/, dor “full" steer). Start with
ramp input (1.0 sec, duration) to indicated value
in indicated direction. For 1 < %< 3, transmit
request for X', ¥! coordinates at which steer
changes occur, adjust (time) tables on basis of

predicted trajectory coordinates.

11, Any wheels locked by damage ?

it.1

i1.2

1.3

For € = 1| , transmit request for recheck.
Yor 2 f_g ., go to 12.

If no, go to 12,
1f yes, generate appropriate table(s) for 7 .

{(i.€., enter three equal values, ?; T -2 /M*IW'
for each locked wheel, }
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;‘ 12, Evidence of driver inpits of braking, subsequent to
separation?
S ( 12.} For § <3 , transmit request for recheck.
G b For 3 < o to L3.
. ;‘q}t - g ¢ B
12.2 I no, set 7; tables, other than those generated
in 11.3, to zere. Go to 13,
12,3 if yes, generate appropriate tables for ?;-‘ s
other than those generated in 11.3,
Start with ramp inputs (1.0 sec. duration) to
indicated braking level., e.pg., '"Locked wheel”
/" ‘ braking, 7;:‘ = -,&15%' i "Hard" but non-
. locking braking, Ty = -0.8 4  Wj
"Moderate" braking, '?;— = 0.5 4t l&@;&‘ .
For i < % < 3, transmit request {or :i‘, Y’
coordinates at which wheel lock or evidence of
- braking occurred. Adjust (time) tables on basis
of predicted trajectory coordinates.
i3, For § = 0 , goto 4.
For | £ g » 20 to 15,
H ®
¢ 14, Call STARTT, retura with &y, Vg . &4 .
% a '
v 15, Call TRAJ, return with Xeg o+ Yeg - &’é and
' track definitions.
6. Call AJTT.
91 VI-2979-Val
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!
. 17. Vif = 1, returnto 2.
If g = 2, gaoto 18.
: . .
i8. Iteration of collision phase of event. 1 .
Formulation not yet completed.
PARAM
Vehicle Type
i 2 3
. Sub compact Compact Full Size
a
I,
1. Normal {Clscz —
Cs, Co
Tire Low
Cond. 2. Inflation {C’)Cf-
Pre e
réssur C,; C@
3. Flat {C,.‘,::a
: ) €s,C
e o Max. Steer Angle (?%)
&)
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Surface Type

i 3 4 5 6 7
Dry Dry
fce’ Agphalt | Concrete
Cu
STARTT

g UUsed only to generate approximate i

starting values for TRAJ

INPUTS:

"

Resgt position and orien-

tation {incheg and degress)

Position and orientation at
geparaticen {(incheés and
degrees),

Wheelbage, inches.

Moment of inertia in yaw,

2
ib-sec -in,
Mass, lb-seczlin.

Nominal tire-ground

friction coefficient.

o5 = e ) (e ~Yes)®

(¥ -%)
523

2. AW

93

radians

inches
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10,

1.

>

e

# é
arctan (yﬁ& - yes }
Hep = Hes

PR - (‘&%&}@*&} {Path Ratio)
£5

0.78 (PR} - 0.16 (PR)Z

Z
1.00 - 0.10 (PR} - 0.28 (PR}

syl gsgﬁ(ﬁ%’)

k;

&

M
=
]
w |
=
SN
LY
L€}

Us - (20)eor (35 -2
Voo (2 (% -%)
Return to RECON, Step 15, with
U, U
Yo - Vs
= w .
u%‘ = ls g = counter for pagses through 5-12
‘ e = 1 ? = counter for passes thorugh ADITT.
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ADITT

_ % Used for iterative adjustments of i
L @
| U, ¥ . 2, inTRAI
& ¢
INPUTS: Measured Aeg, VYem . e and Track.
£

4
Definitions, if available (i.e., X: . g‘q coordinates;

wheel identification, if available; and definition of

skid poritions).

- o & #
Predicted }{gg s y@g v % and Track.
;P

* 5

&
Definitions from TRAZ {i.e., ,@’;. . ?& coordinates,

wheel identification and skid portions {asterisksa}.

. L L3
Starting values 5%9 » y; . %ﬁ)@ = @53%} %ﬁé}

{1} If no track data ave available from scens; go to
{20}. . . - ‘
i {2} STOP (Temporary, until development of logic is

completed for the processing of track datal).

(3}-(9) TO BE DEVELOPED.

[ #
ﬁfeﬂ\’j‘»‘%&
(20) K} ® , g T TGETTHTTT
Yea =les
v
£, =
| (21) iwo0.98 < J K| < 10zanzo9s <]k, <0

and 0,98 f2k3g < 1.02, return to RECON, step {i7).
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(22}

{Z3)

{24)

{25}

(6]

{27)

(28)

{29)

For @ < 5, goto {21).
For 5 < ? . €t g = g + 1, procead.

For g < 5, veturn to RECON, step {5).
For &5 <« g » STOP. Priat the following messape:
“Cannot match rest position of vehicle g « Pleazse

seek cause and resubmit case, o

Ki { 5{5 <:¢:)52?~5 - 1/; sinzﬁg }

- f ~

Ye =K, ﬁfﬁsinws +‘U5 ces% }
© § & 2

é’i’g = f’yg cos %!'g + }/3 5in %é%
@ y P f

'v; y§ cos «?gjﬁ - /ﬁ’s sin %

éé% - ﬁra %&Q

Set &i = 5{5 R 1;; ;'VST . % ;3%

f = ? + i, return to RECON, Step (i5).

L

Xs

]

3
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